Human mesenchymal stem/stromal cells (hMSCs) are increasingly used in advanced cellular therapies. The clinical use of hMSCs demands sequential cell expansions and since it is well established that membrane glycerophospholipids (GPLs) provide precursors for signalling lipids that modulate cellular functions, we studied the effect of the donor's age and cell doublings on the GPL profile of human bone marrow MSC (hBMSC). The hBMSCs, harvested from 5 young adult and 5 old donors, showed clear compositional changes during expansion, seen at the level of lipid classes, lipid species and acyl chains. The ratio of phosphatidylinositol to phosphatidylserine increased towards the late passage samples. The results show that extensive expansion of hBMSCs harmfully modulates membrane GPLs, affecting lipid signalling, and eventually impairing functionality.
Introduction
Human mesenchymal stem/stromal cells (hMSCs) are currently being studied in a number of clinical applications, for example to improve the engraftment of hematopoietic stem cell transplant, promote myocardial repair and control immunological responses in graft versus host disease, autoimmune diseases and solid organ transplantations (1) (2) (3) (4) (5) . In addition to being immunologically privileged, these cells can modulate both innate and adaptive immune responses both in vitro and in vivo. hMSCs have been shown to be able to inhibit T-cell proliferation, inhibit dendritic cell maturation (6) , recruit regulatory T-cells (7, 8) and also to modulate B-cell functions (9). The mechanisms by which these cells exert their immune modulatory functions are still unclear, but it is likely that both direct cell-cell contacts and the secretion of soluble factors are needed. Several cytokines, growth factors, enzymes and lipid mediators, such as transforming growth factor β1, the tryptophan degrading enzyme indoleamine 2, 3-dioxygenase and prostaglandin E2 (PGE 2 ), have been indicated as key players in the immunomodulatory process (7, 10, 11) .
A long expansion period has been considered to have an adverse effect on the proliferation and differentiation potential and other functional properties of progenitor cells (12,13). One of the key questions in MSC therapy is: how many cell doublings the cells can undergo before the risks of cellular malfunction or even malignant transformation surface? The number of safe cell doublings may be dependent on the cell source, donor age and culture conditions.
To date, only a few studies on stem cell membrane lipids have been performed (13,14) and the changes in lipid composition during the expansion have not been studied systematically.
Although glycosphingolipids and signalling lipids have been studied in relation to the cell identity and functions (15-18) an important group of membrane lipids, the glycerophospholipids (GPL), composing the main part of membrane lipids, have received less attention. The most prominent class, phosphatidylcholine (PC), makes up approximately one half of all membrane phospholipids. Phosphatidylethanolamine (PE), -serine (PS) andinositol (PI) are the other common mammalian GPL classes. Each class consists of numerous different molecular species with different acyl, alkyl or alkenyl chain assemblies (19).
Consequently, a single cell contains more than a thousand different GPL molecular species (20, 21) . However, the ultimate reasons for the structural diversity of cellular lipids, apparently of a great functional importance, are still largely unknown. Modern mass spectrometry and bioinformatics tools offer new ways to analyse the compositional changes in complex stem cell lipidomes and link those with the altered potency and quality of the cells (22-24).
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Membrane lipids not only form a protective layer around the cell but also mediate biological signals through several pathways employing G-protein activators, second messengers, and nuclear receptor activators (25, 26) . The signalling pathways utilizing phosphorylated PIs (PIPs), eicosanoids, or sphingolipids are well understood. Cellular mediators, such as inositol phosphates, diacylglycerols (DAGs), lysophospholipids, ceramides, cleaved fatty acids (FAs) e.g. arachidonic acid (AA, 20:4n-6) and docosahexaenoic acid (DHA, 22:6n-3), or their derivatives are released from membrane lipids and play an important role in many physiological processes including the regulation of inflammation. The essential polyunsaturated fatty acid (PUFA) 20:4n-6 is found primarily at the sn-2 position of most membrane phospholipids. It is a precursor for the synthesis of prostaglandins (PGs), tromboxanes and leukotrienes (27), one of which, a specific PGE 2 , has been proposed as one of the soluble factors mediating the MSC immune function (7, 28) The n-3 PUFAs, especially 22:6n-3, are precursors for resolvins, protectins and maresins which, in contrast to 20:4n-6 and most n-6 PUFAs, exert their functions during the resolution phase of inflammation (29) The aim of our study was to compare the GPL profiles of hBMSCs from young and old donors, study the effects of sequential expansion of the cells on these profiles, determine the expression of genes related to lipid metabolism and immunomodulation, and gain a better 
Materials and methods

Ethics and bone marrow donors
All patient protocols were approved by the Ethical Committee of Northern Ostrobothnia Hospital District or Ethical Committee of Hospital District of Helsinki and Uusimaa. The hBMSCs were obtained from bone marrow aspirates taken from the iliac crest or upper femur methaphysis of adult patients after written informed consent. The hBMSCs from donors of different ages (anonymous coding) were isolated as previously described (30,31).
Cell culture of hBMSC
The cells were cultured in minimum essential alpha-medium (αMEM) supplemented with 20mM HEPES, 10% fetal bovine serum (FBS), 2mM L-glutamine and 100 units/ml penicillin and 100 μg/ml streptomycin (all from Gibco, Invitrogen, Paisley, UK). The same serum lot was used throughout the study. The medium was renewed twice a week, the cells were harvested when 70-80% confluent and plated at a density of 1000 cells/cm 2 (Table S1 ).
Phospholipid mass spectrometry and fatty acid gas chromatography well plate with hBMSCs in RPMI growth medium (RPMI, 10% FBS, 100 units/ml penicillin and 100 μg/ml streptomycin). hBMSCs were allowed to attach for two hours before PBMCs were added. To activate the T-cell proliferation, 100ng/ml of antihuman CD3 antibody clone Hit3a (BioLegend, San Diego, CA, USA) was added to the co-culture. T-cell proliferation was recorded after four days of incubation as a dilution of fluorescent dye by flow cytometry.
Telomere length analysis
Telomere length were analyzed by the southern blot analysis of terminal restriction fragment (TRF) lengths (40) Genomic DNA from snap-freezed cell pellets was purified using the Qiagen DNeasy Blood and Tissue Kit and extracted with ethanol. Quality of purified DNA was evaluated by 1% agarose gel electrophoresis. Telomere length analysis was performed using TeloTAGGG Telomere Length Assay Kit (Roche, Basel, Switzerland). DNA was digested using RsaI and HinfI enzymes and electrophoresed on a 0.8% agarose gel 5V/cm.
Southern blotting was performed using 20X salium sodium citrate buffer (SSC). The blot was hybridized overnight using a digoxigenin (DIG)-labeled telomere specific probe (TTAGGG) and incubated with alkaline phosphatase-labeled anti-DIG antibody. The blot was then incubated with CDP-Star chemiluminescent substrate and exposed to autoradiography film (GE Healthcare genes were illustrated with violin plot by using R package vioplot with height argument 0.4
and analyzed for significant enrichments of GO-BP classes by using R library GOSim v. 1.2.5 (45) . Enrichments with a p-value <0.01 were considered significant. Default parameters were used in the GO analysis.
Statistical analysis
The data was analysed both in univariate and multivariate way. In the univariate approach, each GPL species or individual FA was analysed separately and presented in figures as a mean + standard deviation. Statistical significances for the differences between hBMSCs from the young and old donors or early and late passages were calculated using student's paired t-test (* p-value <0.05, ** p-value< 0.01 an p-value <***0.001). In addition, the changes in each lipid percentage were analysed with linear mixed effects models, fitting a model with fixed terms for age and passage and a random effect for cell line (a repeated measures type analysis). The effect of each term for every lipid was estimated using normal F-test p-values and visualized with interaction plots depicting the mean values in each passage and group. Software for statistical analysis was computing language R, version 2.12, using package "nlme" for a mixed effects analysis.
In the multivariate approach the lipidome data were subjected to Principal Component Analysis (PCA) to study differences between the samples in terms of the whole GPL profile, and to find out which GPL species were mainly responsible for the variation in the data. PCA was computed using log10 normalized data and the relative positions of the samples and variables were plotted using the first two principal components. In addition, quantitative multivariate measures of the differences among the sample groups were determined by Soft Independent Modelling of Class Analogy (SIMCA) (46) . ( Figure 1C ). Additional proof was obtained from telomere length measurements. Telomere length in passage 11 cells was 1.0 ±0.5 kbp shorter than at passage 4 ( Figure 1D , Figure S2 ).
Results
Cultivated
GPL profiles of hBMSCs from young and old donors
The average values for GPL class totals for hBMSCs were: PC 41-46%, PE 34-38%, PS 5-8%
and PI 4-8% (Table 1 ). In general, the hBMSCs from the young and old donors had very similar class profiles. The GPL species of the hBMSCs ( Figure 2D ). In the early passage samples, statistically significant differences (p-value<0.05) due to the donor age were found for PC38:5 and PE38:4 ( Figures   2A,B) . The levels of PE alkenyl and PC alkyl species also altered during the long-term passaging ( Table 1) .
Expansion of hBMSCs increases membrane PI content in relation to PS
During long-term cultivation, PI totals increased especially in the cells from young donors (Table 1 ). This increase of PI became even clearer when the PI totals were studied in relation to the PS totals. In the hBMSCs from the old donors, the PI/PS ratio was already high at the earliest passage ( Figure 3 ). Interestingly, also lysoPC totals increased consistently during the cell expansion of the hBMSCs from young donors but showed varying responses in the hBMSC from old donors ( Figure S3 ). 
Immunosuppressive capacity of hBMSCs decreases during cell expansion and correlates with the lipid changes
Using a co-culture assay, we next studied the ability of expanded hBMSCs to suppress T-cell proliferation. The early passage hBMSCs inhibited T-cell proliferation almost completely (illustrated with green line in overlay Figure 1E ), and the suppression was less complete when the late passage hBMSCs were used (purple line in the overlay). To further study the correlation between immunosuppressive capacity and the identified lipid or fatty acid indicators we analysed the GPLs and FAs of hBMSCs from eight donors. These cells (from passage 4) had diverse functionality. Convincing correlation with the functionality was observed for PC species (38:4, 38:5, 34:1 and the ratio of 38:4/34:1) and fatty acids (20:4n-6, 22:6n-3 and the ratio of the two) ( Table 2 ).
Gene expression differences related to donor age and cell expansion
Next, we made a gene expression analysis of the early passage (4) and late passage (8) cells.
Measuring of the compositional distances for the samples from different passages by SIMCA
showed that in terms of the GPL profile all the passage 4 and 6 samples were statistically significantly different from all the samples from passages 10 and higher (p-value<0.05). As the passage 8 thus represented a time point preceding changes in the metabolite profile, cells from this passage were chosen for the gene expression analysis. Altogether, 707 genes were found to be differently expressed between the old and young donor samples in passage 4
( Figure 6A ). Interestingly, during expansion, the hBMSCs from the old donors showed almost
As revealed by GO analysis, the expression of several genes related to lipid metabolism changed. Both ethanolamine kinase 2 and choline kinase beta had a lower expression level in the hBMSCs from the old donors than in those from the young. also had lower expression levels in the old donors. In addition, the gene producing cyclooxygenase 1 enzyme (COX1, also known as prostaglandin endoperoxide synthase PTGS1) and gene producing prostacyclin receptor (PTGIR, also known as prostaglandin I 2 receptor) were more expressed in passage 8 compared to passage 4. Finally, leukotriene C4 synthase and ELOVL fatty acid elongase 3 were expressed at lower levels in the cells of the old donors compared to those of the young.
As an indicator for the modulation of immune functions, the genes for the suppressors of cytokine signaling (SOCS1 and SOCS2) and several genes from ASB-family (Ankyrin repeat and SOCS box containing proteins) were less expressed in the old donors and interestingly ASB5 expression was increased during cell expansion ( During passaging in the hBMSCs of both young and old donors, the predominant gene expression changes were related to cell cycle, chromatin assembly and DNA integrity (i.e.
Histone cluster genes, see Table S2 ). Importantly, of those 36 genes changing during passaging in both the young and old donors, 12 were histone cluster genes. ( Figure 6A ).
Discussion
This study focused on the membrane GPL and total FA composition of hBMSCs. Our study demonstrates that at the lipid class level (Table 1) , the relative amounts of PC, PS and PI of the hBMSCs were almost identical to that described for human fibroblasts.
However, the relative amount of PE was much higher in the hBMSCs than reported for fibroblasts (21) or mammalian cells on average (49) . The predominant PE species of the hBMSCs was 38:4 (18:0/20:4n-6) whereas in human fibroblasts PE species 36:1, 38:4, and 36:2 were present in equal amounts (21). This implies that biosynthetic or remodelling pathways of the GPLs in these two cell types have differences. This can be due to altered activities of CoA-independent transacylase (CoA-IT), which in immunologically activated cells promotes transfer of 20:4n-6 from PC to PE, from which different PLA2 readily release 20:4n-6 to be used for production of lipid mediators (50, 51) . In addition, the higher expression level of PE biosynthetic enzyme, ethanolamine kinase 2, found in the cells of the young donors (Table 3) , may be linked to an increase in the relative amounts of PE ether lipids (Table 1) . If the relative increase of 20:4n-6-containing GPLs of the hBMSCs have functional consequences, we can assume that the simultaneous decrease of n-3 PUFA content is of immunological importance as well. Recently, the so-called traditional eicosanoids have been found to be accompanied by resolvins, protectins and maresins, which are derivatives of 22:6n-3 and 20:5n-3 and play a role in the resolution phase of the inflammation (29).The enzymes COX and LOX synthesize from the n-3 PUFA counterparts to the n-6 PUFA-derived eicosanoids, which however have mainly anti-inflammatory properties (76). In T-cells, the n-3 PUFAs have been found to suppress immune functions by modulating interleukin-2 expression and exerting their effects via PKC isoforms and nuclear factor pathways (77).
Thus, the shift from a more balanced n-6/n-3 PUFA ratio towards the dominance of n-6
PUFAs found in the total FA pool of the aging hBMSCs may have altered the lipid signalling pathways from an anti-to pro-inflammatory direction ( Figure 5 ). Due to the constant excess amount of FAs in the surrounding medium compared to the cells ( Figure 5B ), we can assume Telomere lengths were shortened on average 1 kb±0.5 (studen't t-test p-value 0.03, n=3) E.
Immunosuppressive capacity of early and late passages analysed by co-culture assay. Violin plot combines boxplot with kernel density plot and is used to illustrate fold change variations and the amount of differentially expressed genes in the above-mentioned comparisons. GO enrichment analysis of differentially expressed genes is shown from C. to F.
C. Genes with higher expression level in old (o4-y4) and E. genes with higher expression level in young (o4-y4). D. Genes, which expression decreased during cultivation (o8-o4) and F. genes, which expression induced during cultivation (o8-o4). The y-axis shows the GO term
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